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I.1. Pickup chamber design
In fig. S1 , we show a schematic design of the pickup chamber used in this work. The chamber is pumped by a turbopump. It contains two pickup cells (separated by ~20 cm), which were used to selectively pick-up HCl gas and water vapors. The helium droplet beam passes through the two cells via 5 mm openings on the cell walls. Each cell is pumped by individual turbopumps. 
I.2 Pressure dependent ion currents and spectroscopic signals: Theoretical Background
The cluster size distribution can be well described by Poisson statistics (37). The probability of finding 'n' molecules (Pn) in a droplet is given by
………. (1) where p is the partial pressure of the dopant, n-1 is the pickup cross-section of the helium droplet containing n-1 dopants, and l is the length of the pickup region. In most cases, the droplet size changes only little with n, thus  is assumed to be constant. This approach is generalized to describe doping with more than one dopant: since in case of small partial pressures the different pickup processes can be considered to be statistically independent, , (
, 2 ) = ( ) ( 2 ). If we keep the HCl pressure fixed and vary the water partial pressure, the total pickup probability can be described by
where b is the product of the droplet cross-sectional area (n-1) and length of the pickup region (l) and f is a constant which depends on the HCl partial pressure.
We have recorded two distinct kind of pick-up curves:
a) Reference pick-up curve
We recorded the ion current as a function of the partial pressure in the absence of any laser excitation: This will yield information on the parent cluster distribution for each specifically selected ion fragment. In general, the total ion current can be described as a linear superposition of all possible parent cluster contributions that might fragment into a specific ion fragment, i.e.
We want to point out, that the rising edge of the observed increase is dominated by the cluster with the smallest value of n.
b) Depletion pick-up curves
Depletion curves measure the difference in the ion current upon laser excitation of the solute.
Here, we take the difference between / off with the laser turned off and / on where the laser is turned on. Since the number of helium atoms evaporated is proportional to the absorbed laser power as well as the e-beam ionization cross-section, for each cluster size, difference in the droplet size, ∆ (̃), is proportional to the laser power (̃) at the given frequency and the absorption coefficient (̃) of a cluster containing n water molecules
The rising edge of the spectroscopic signal is now dominated by the smallest cluster producing a spectroscopic signal at a given laser frequency. Variation of the observed band intensity with dopant partial pressure yields the so-called pickup curves. Based upon this pick-up curves it is possible to deduce the size of the contributing molecular parent cluster. mbar (i.e. 0.14 mPa). This pressure corresponds to a pick-up of less than 1 HCl on average, i.e. <n> = 0.5 HCl.
I.3. HCl pickup curves

I.4. Ionisation mechanism of pure water and mixed HCl-water aggregates
To explore the ionisation patterns of pure water and HCl-water aggregates, we followed a fourstep procedure. dashed line marks the pressure (0.14 mPa) at which the spectra were recorded.
In the first step, helium droplets were doped with H2 18 O molecules in the second cell. The ion currents for m/z = 41, 61 and 81 were monitored as a function of partial pressure of water. In case of pure water clusters, m/z = 41, 61 and 81 have predominant contributions from (H2O)n clusters with n = 3, 4 and 5 respectively (37).
In the second step, we added a constant amount of HCl (partial pressure maintained at 0.14 mPa)
into the first pickup cell. Subsequently, water was picked up in the second cell. We recorded now the intensity as a function of partial water pressure. As can be seen in fig. S2 -left, in any detection scheme (i.e. detection at m/z = 41, 61 and 81) the maxima shift to lower pressures upon addition of HCl. Thus, we propose the following fragmentation mechanism for pure water and mixed HCl-water clusters in accordance with previous reports (15, 37).
In the case of pure water clusters, the fragmentation takes place according to the mechanism with n' = n-2 being the predominant fragment, in the regime of low partial pressures of water.
In the case of HCl-water clusters, the following mechanism is followed
In the case of the mixed HCl-water clusters, at ion channels m/z =41, 61 and 81, we have contributions from the HCl(H2O)≥ 2, HCl(H2O)≥ 3 and HCl(H2O)≥ 4 clusters, respectively.
In the next step, we interchanged the pickup sequence of HCl and water. The water inlet was connected to the first pickup cell and the HCl inlet to the second pickup cell. Before feeding water vapour/HCl gas, the chambers, as well as the inlets, were baked out to remove any residual water and HCl. The pickup curves for pure water were used to optimise water pressures. We fixed water pressure at 0.53 mPa to avoid the formation of large (H2O)n clusters.
I.5 The umbrella motion of hydronium: Parent cluster size determination
We recorded pressure dependent ion currents and spectroscopic signals in the fingerprint spectral region of the hydronium umbrella mode. HCl was added in the first pickup cell and H2 18 O in the second pickup cell. While the partial pressure of H2 18 O was varied, the HCl pressure was kept constant at 0.14 mPa. The laser was fixed at a particular on-resonance frequency. For each water pressure, ion current was recorded for a total of 20 ms: 10 ms before the laser pulse and 10 ms after the laser pulse, see also and 4 water molecules, respectively. However, at higher partial pressures, the ion current shows a significant deviation from a Poisson distribution, indicating that fragments from larger clusters also contribute to the selected mass channel. This is in accordance with the earlier suggested mechanism for the fragmentation of HCl(H2O)n clusters, as a result of electron impact ionisation (see Section I.4 and Reference (15)) (It should be noted that the cross section 'b' and, therefore, the maxima for the Poisson distribution detected at m/z=41 and m/z = 61 differs slightly. As mentioned earlier, the b value used in each case was taken from the fit of the respective reference ion current pick-up curves and was then used as a constant for fitting the spectroscopic pick-up curves).
̃=1400 cm -1 , m/z = 61: We set the laser to a frequency of 1400 cm -1 , in the wing of the broad absorption band assigned to the hydronium umbrella motion. The pressure dependence of the spectroscopic signal resembles that of measured at ̃=1320 cm -1 : the measured depletion is well reproduced by a Poisson distribution with n =4. Thus, we conclude, that the absorption is broad and dominated by contributions from a dissociated HCl-water cluster resulting from the pick-up of four water molecules.
̃=1250 cm -1 , m/z = 81: The laser frequency was fixed to 1250 cm -1 at the low frequency wing of the observed resonance. The pressure variation of the m/z =81 reference ion current could be well described by a Poisson distribution for n = 4 and peaks at ≈ 12×10 -6 mbar. This would imply that predominantly clusters containing four water molecules contribute to this mass channel.
However, the spectroscopic signal pickup curve is best described by a Poisson distribution with n = 5. This implies that the absorption band at m/z = 81 has a predominant contribution from In fig. S6 , we show the result of a fit to the depletion pickup curve measured at m/z = 61 at a fixed frequency of 1320 cm -1 , assuming a superposition of two Poisson distributions for pick-up of water clusters with n = 4 and n = 5. In this fit, we included all data points up to a water partial pressure of 25 ×10 -6 mbar. The cross-section 'b' was deduced from fitting the m/z = 61 reference curve and then kept constant in the fit. The partial contribution of each cluster size for the best fit was 93% (n=4) and 7 % (n = 5) at a water partial pressure of 6.0×10 -6 mbar. As can be seen in fig. S6 , in the entire partial pressure range, the dominant contribution can be attributed to a cluster of four water molecules. which has been used throughout to carry these BLYP and MP2 electronic structure calculations.
Important BLYP-optimized structures are shown in figs. S7 and S8 (being virtually indistinguishable from the corresponding MP2-optimized structures in most cases), while the computed properties have been compiled in Table S1 . All the structures shown here were characterized to be minima based on harmonic vibrational frequency analysis. In addition, single-point energy calculations, using the aforementioned BLYP-and MP2-optimized structures, have been performed using the DLPNO-CCSD(T) method (48) as implemented in
ORCA (49); we used the well-validated default settings to carry out these calculations which should not be altered according to the ORCA manual (Section 8.1 "Single point energies and gradients", page 77, where the default settings for the cutoff for PNO occupation numbers, the cutoff for estimated pair correlation energies, and the parameter that controls the domain size for the local fit to the PNOs are reported). The extrapolation of these electronic single-point energies to the complete basis set (CBS) limit has been performed using the def2-TZVPP and def2-QZVPP basis sets according to the default CBS implementation in ORCA (49). These singlepoint CBS-extrapolated coupled cluster electronic energies using BLYP-and MP2-optimized structures are denoted by "CC//BLYP" and "CC//MP2", respectively, in what follows. The most relevant HCl(H2O)4 structures were taken from Ref. (36) as initial guesses for being re-optimized using BLYP for consistency. In order to find the corresponding dissociated and undissociated minima of the HCl(H2O)5 species, a large set of initial structures has been generated as follows. On one hand, about 150 structures that have been optimized using the B2PLYPD3/def2-TZVP method were taken from Ref. (53) and have been re-optimized using BLYP. In addition, a set of 200 structures was generated based on the four known HCl(H2O)4 minima from above by attaching an additional water molecule with random position and orientation. These new structures have been pre-optimized using SCS-MP2/SVP before reoptimizing all reported HCl(H2O)5 structures again with both, BLYP and MP2.
In fig. S7 , the five most relevant optimized isomer structures of the HCl(H2O)4 cluster are displayed together with the so-called Eigen complex (being the protonated water tetramer carrying a hydronium core, H3O + (H2O)3), whereas Table S1 collects the corresponding relative electronic energies (i.e. without the inclusion of harmonic vibrational zero-point energy corrections), dipole moments and (un-scaled) harmonic frequencies of the H3O + umbrella motion for the dissociated structures according to both, MP2 and BLYP. Overall, the MP2 reference data validate the BLYP treatment of all relevant isomers of these clusters. The global minimum of the potential energy surface (PES) of HCl(H2O)4 is a C3-symmetric structure in which HCl is dissociated, the Cl − and H3O + ions sharing a common layer of three water molecules in between them; removal of Cl -ion generates the H-bond topology of the Eigen cation. This type of structure is the so-called SIP-C3 solvent-shared ion pair. This global minimum structure is followed by a set of other dissociated and undissociated isomers which are often separated by rather small energy differences, according to the single-point coupled cluster benchmark energies using both, MP2-optimized and BLYP-optimized structures (denoted by CC//MP2 and CC//BLYP, respectively), as reported in Table S1 . The relevant isomers are another SIP-like conformer which lacks C3 symmetry, thus it is abbreviated by SIP-C1. Another species also contains a dissociated HCl molecule, but in this case, both ions are in contact thus yielding the contact ion pair CIP. The UD structure is characterized by an undissociated HCl molecule and four water molecules which are all Hbonded in a quasi-planar pentagonal ring, which provides the heavy atom skeleton. The socalled AG species has been found in the present study as a result of an aggregation process in which the HCl molecule has been added after having aggregated four water molecules which yield the cyclic water tetramer, see Section II.4 for the background. The partially aggregated PA species also contains an undissociated HCl molecule, but in this case, a dangling water molecule accepts an H-bond from a water molecule within a quasi-planar four-membered ring which includes the intact HCl molecule. This conformer has been obtained previously based on ab initio aggregation simulations (36) and is consistent with a picture in which the water molecules are added one after the other to the HCl molecule, thus mimicking the original HENDI experiments where HCl has been picked up first (9, 10) and only subsequently solvated by H2O molecules.
We note in passing that the difference in energy between the BLYP-optimized C3 and C1 SIP structures is 0.58 kcal/mol according to the BLYP electronic structure, which corresponds to about 203 cm -1 . This symmetry breaking is accompanied with a red-shift in the frequency of the umbrella motion of its H3O + moiety of about 7 cm -1 according to these BLYP calculations.
Both, the energy difference and the frequency shift are in excellent agreement with previous work (39), where values of ~200 cm -1 and 7 cm -1 have been reported based on more advanced electronic structure methods, therefore further validating the use of BLYP for our dynamical ab initio simulations.
The validity of the BLYP functional for the description of the larger HCl(H2O)5 cluster has also been assessed with reference to MP2 calculations together with the corresponding CBSextrapolated CCSD(T) single-point energies using these optimized structures, i.e. CC//BLYP and CC//MP2, respectively, see Table S1 . In, fig. S8 , the BLYP minima for the relevant HCl(H2O)5 species are displayed, which are again virtually the same as the MP2 structures in most cases (subject to slightly different orientations of some water molecules). In order to distinguish the different topologies of the n = 5 isomers, such as SIP, CIP, UD and AG, we continue to use the same nomenclature as for the HCl (H2O) The unscaled harmonic frequencies corresponding to the hindered umbrella motion of the H3O + ion for dissociated HCl(H2O)4 and HCl(H2O)5 species are also compiled in Table S1 .
They are all significantly blue-shifted with respect to the corresponding frequency of the Eigen complex as obtained with the identical computational approaches. Interestingly, this hydronium resonance in CIP-like structures is always significantly red-shifted relative to SIPlike conformers according to both, BLYP and MP2 calculations. This qualitative finding is seen not only for the reported structures relevant to this study but has been confirmed using all optimized structures that we have generated but do not report since they are all higher up in energy. Finally, regarding dipole moment calculations, we find also for the n =5 cluster that there is no correlation between the magnitude of µ and the fact that the HCl molecule is dissociated or not, as already pointed out in Ref. (54).
II.2 Nuclear Quantum Effects on n = 5 CIP versus SIP Species
As mentioned in the previous Section II.1, the (unscaled harmonic) frequency of the hindered umbrella motion of the H3O + moiety in dissociated HCl/water clusters depends sensitively on whether the conformer is of SIP or CIP topology. In the case of CIP-like structures, the hydronium cation is evidently in direct contact with the chloride counterion, which gives rise to frequencies for this particular mode that are both, systematically and significantly lower than those of the corresponding to SIP-like conformers according to Table S1 . The harmonic atomic displacement vectors corresponding to the hindered umbrella motion of the hydronium moiety are shown by arrows.
In previous studies (41, 42), we have observed for the n = 4 species that when nuclear quantum effects are considered, the H-bonding proton in between the oxygen atom of the hydronium and the chloride is significantly delocalized along the O-Cl direction toward Cl in case of the contact ion pair structure, CIP. This heralds a significantly overstretched O-H bond for this particular proton, which will make the H3O + umbrella motion of this CIP structure much more anharmonic and thus even more red-shifted compared to the SIP conformer, where all three bonds of the hydronium core are equivalent and not delocalized.
In order to study possible anharmonicities coming from nuclear quantum effects on HCl(H2O)5 clusters, ab initio path integral molecular dynamics (AIPI) simulations at 1.25 K have been performed for the two lowest-lying solvent-shared and contact ion pairs, namely the SIP5 and CIP5 species (see fig. S8 for their optimized stationary-point structures). In these full quantum simulations, all electrons were treated explicitly using the identical electronic structure approach as reported and validated in Section II.1, namely BLYP/aug-cc-pVTZ, as implemented in the CP2k code (50). The path integral has been represented using P = 64 beads (a.k.a. Trotter replica) which enforces convergence of the quantum discretization in conjunction with using PIGLET thermostatting in CP2k as developed and benchmarked recently for ultra-low temperatures (51).
In fig. S9 , the O-H distance quantum distribution functions between the three protons and the oxygen nucleus within the hydronium moiety are depicted for the two ion pair conformers considered, see insets for their stationary-point structures. For the SIP5 structure, all three protons of the H3O + moiety donate one H-bond each to a neighbouring water molecule and are in that sense similar. In addition, all three protons are found to be well localized close to the hydronium oxygen and only rarely tunnel to oxygen atoms of neighbouring water molecules that accept H-bonds from H3O + . This implies essentially harmonic displacements with respect to the SIP5 equilibrium structure due to zero-point motion, which correlates with negligible anharmonic frequency shifts very similar to what has been found previously (39) for the hindered umbrella motion of the H3O + moiety in SIP. In the case of the CIP5 contact ion pair, the picture is radically different. The two protons that donate one H-bond each to a neighbouring water molecule behave similarly as in the SIP5 conformer (solid line). However, the proton pointing towards the chloride counterion features a particularly broad and unusually skewed distance distribution function (dashed line), which displays a long tail towards the Cl -. This implies a significant probability to find this particular H-bonding proton close to the counterion within the n = 5 contact ion pair. Moreover, the higher degree of strongly anisotropic delocalization of this specific proton renders hindered umbrella motion within the hydronium moiety of CIP5 much more anharmonic than in case of the SIP5 structure. Therefore, the center frequency corresponding to the hindered umbrella mode of CIP5 will be significantly more anharmonically red-shifted than that of the SIP5 species which barely shows any red-shift (39) due to anharmonicity effects, in full accord with the barely asymmetric O-H distance distribution function in fig. S9 . We note in passing that the slightly enhanced tunneling excursions of the three H-bonded hydronium protons observed in case of the SIP5 species compared to those two protons in CIP5 which are H-bonded to water molecules are not entirely unexpected. Qualitatively speaking, the single proton in CIP5 which is directly interacting with chloride in the contact ion pair is strongly shifted toward Cl -, as just explained, which weakens its covalent O-H bond with hydronium and, therefore, strengthens the remaining two covalent O-H bonds in the hydronium moiety of CIP5.
Harmonic frequency analysis in Section II.1 already revealed that the umbrella frequency of all contact ion pairs is always significantly red-shifted compared to all solvent-shared ion pairs. Considering nuclear quantum effects and thus full anharmonic delocalization with respect to the stationary-point structures discloses that the red-shift, due to anharmonic effects, is much more pronounced for contact ion pairs compared to solvent-shared ion pairs, which has been demonstrated explicitly for the n = 5 clusters. Together, this leads to the expectation that the umbrella mode of the hydronium moiety should be found at rather low frequencies in case of the n = 5 contact ion pair.
II.3 Ab Initio Aggregation Simulations of SIP with the Fifth H2O Molecule
In order to explore the isomer species that are generated when aggregation of water molecules starting with HCl is continued beyond having added four H2O molecules to HCl yielding the n The idea of these aggregation simulations is to mimic the outcome of the HENDI experiments in which HCl(H2O)4 clusters have eventually been formed inside the helium droplet before an extra water molecule is picked up. As a first idea to initiate such aggregation simulations, the fifth water molecule was placed at a distance of 5 Å from the SIP cluster in the direction of the dipole moment vector of the cluster. A thermostatted (NVT) ab initio simulation with a constraint on the Cl-water distance was performed in order to establish electrostatic steering initial conditions. Subsequently, after the alignment has been established, the constraint was removed and a microcanonical (NVE) simulation was performed. However, it was observed that for some of these simulations, the water molecule did not remain aligned with the cluster.
The outcomes of the only three simulations with these initial conditions are reported in Table   S2 . Table S2 . Aggregation simulations of SIP + H2O with initial NVT electrostatic steering alignment of the water molecule, see text. The first column indicates the specific HCl(H2O)4 SIP conformer employed, the second column on which side of the cluster the fifth water molecule was placed, and the third one reports the final structure of the generated HCl (H2O)5 species (see fig. S8 for the respective stationary-point structures). Table S3 .
Structure
For all these SIP + H2O aggregation simulations performed, molecular HCl was never found at any reaction stage. This implies that the addition of the fifth water molecule to the solventshared dissociated HCl(H2O)4 cluster results into a final HCl(H2O)5 cluster which is also dissociated. However, we exclusively found only two specific reaction products which are the SIP5 and CIP5 species as reported earlier in fig S8 and also in the insets of fig. S9 . Within the limited statistics, we conclude that these n = 5 solvent-shared and contact ion pairs, respectively, form in roughly equal amount. The aggregation pathway that leads to the formation of CIP5 is found to occur by a mechanism that can be described as follows (see fig. S10 ): In the primary aggregation step, the fifth water molecule accepts an H-bond from one of the three equivalent water molecules of the initial SIP cluster (upper left snapshot) before donating an H-bond to another H2O of SIP (upper right snapshot). Once this arrangement is established, the donating H2O within SIP receives a proton from the H3O + moiety and thus forms the new hydronium ion in the nascent CIP5 structure (lower left snapshot), while the H-bond from the former H3O + to the receiving H2O breaks up. This yields the characteristic book-like structure of the n = 5 contact ion pair, CIP5, where the Cl -anion is coordinated by three protons, two stemming from two H2O molecules and one from the H3O + hydronium moiety.
The SIP5 species is found to be directly formed via a sequence of H-bond rearrangements as depicted in fig. S11 for a representative path that has been obtained from aggregating the fifth water molecule with the C1 initial SIP conformer. 
II.4 Ab initio Aggregation Simulations of Cyclic (H2O)4 with HCl
The species obtained by adding HCl at the end, i.e. after the pure n = 4 water cluster has been generated in the HENDI experiment, has been generated based on the following aggregation protocol. First of all, the starting structure of the water tetramer is that of the preferred cyclic isomer with the up-down-up-down arrangement of the dangling O-H bonds, which has zero dipole moment in its stationary point structure due to symmetry. Next, combined structures of Starting from initial structures that have been generated as explained, microcanonical (NVE) trajectories were launched in three groups. In the first group, the water tetramer and the HCl molecule were located at a distance d = 10 a.u. apart. In the second group, the HCl is placed d = 13 a.u. away from the cluster and an isotropic confining harmonic potential of force constant k at the centre of the simulation cell was applied to all the atoms (in order to prevent the HCl molecule from moving too far away from the cluster, thus yielding non-reactive trajectories). In the third group of simulations, the HCl molecule is again placed 13 a.u. away from the cluster centre but a finite velocity v in the direction of the water cluster is applied to the HCl molecule as an alternative to prevent it from escaping. Clearly, if the magnitude of the steering velocity is too high, the HCl molecule acts as a projectile that destroys the whole water cluster into fragments.
The results from all three scenarios are collected in Table S4 . The most relevant outcome of these aggregation simulations is that, regardless of the initial conditions or whether there is a confining potential or not, none of the trajectories ends up with a dissociated HCl molecule in the generated HCl(H2O)4 cluster! Interestingly, only two types of final configurations were found, namely the so-called AG and the well-known UD isomer structures (see fig. S7 ). For all the generated trajectories, we found that the AG structure is always formed at some point if the HCl molecule approaches the water cluster (see fig. S12 ). After AG has been formed, where HCl always donates an H-bond to cyclic (H2O)4, the trajectory may stay in that structure, or there is the option that HCl can insert into the cyclic water tetramer to which it is attached, thus yielding the cyclic UD isomer (see fig. S12 ); only very rarely the UD structure might revert back to the AG isomer.
During the formation of the aggregate AG as shown in the upper left snapshot of Fig. S12 , the HCl molecule is found to approach the (H2O)4 cluster always with its proton pointing toward the cyclic water tetramer, thus eventually establishing a donated H-bond to one of the four equivalent oxygen atoms within the water tetramer. Only after the AG structure has been formed, the HCl molecule can be incorporated into the water tetramer ring, thus forming the well-known cyclic UD heteropentamer (see fig. S7 ). In the majority of these trajectories, the dangling hydrogen of the water molecule which donates an H-bond to the water molecule connected with the HCl molecule initially turns towards Cl (see fig. S12 ). A new H-bond to
Cl is formed while the water-water H-bond breaks. This allows the generated HCl(H2O)4 species to adopt the shape of a quasi-planar five-membered ring consisting of one HCl and four H2O molecules, which is the UD structure (see fig. S12 ). In an alternative pathway, the HCl molecule directly inserts itself into a water-water H-bond of the tetrameric water ring as depicted in fig. S13 . 
